P27, an inhibitor of cyclin-dependent kinases, plays an important role in the control of cell adhesion and contact inhibition-dependent cell cycle regulation. Hepatocytes, maintained in primary culture, oer a model of synchronized primary epithelial cells which retain a dierentiated pro®le while stimulated to proliferate. We therefore investigated the pattern of endogenous p27 expression in cyclin rat hepatocytes isolated by collagenase perfusion followed by mitogenic stimulation. P27 was expressed in whole normal liver and freshly isolated hepatocytes. We then observed a sharp decrease in p27 levels, concomitant with the progression in earlymid G1, followed by reaccumulation in late G1 and the G1/S transition. Immunochemistry and BrdU labelling demonstrated nuclear localization of p27 and its expression in cells engaged in both G1 and S phase. P27 was detected in late G1 in complexes containing cyclins D1, E and A. Cyclin E-and A-associated kinase activities, however, were detected at the G1/S transition and depletion experiments con®rmed that most active complexes were free of p27. Phosphorylated forms of p27 were detected in unstimulated and stimulated hepatocytes in both early-mid G1 and G1/S. Finally, two-dimensional gel electrophoresis showed evidence for several forms of p27 with a distinct pro®le of distribution in quiescent and stimulated hepatocytes. Collectively, our data oer a model in which p27 shows a biphasic pro®le of accumulation, with the early decrease possibly involved in the progression through early and mid G1. In contrast with most cell types tested so far, the late G1 accumulation did not impair formation of active cyclin E-and A associated kinases, and thus G1/S transition.
Introduction
Hepatocytes are highly dierentiated cells which possess the interesting capacity to reenter the cell cycle upon appropriate mitogenic stimulus while continuing to perform their specialized functions (reviews in: Fausto et al., 1995; Loyer et al., 1996b; Michalopoulos and DeFrances, 1997) . The factors governing progression into the cell cycle have been extensively studied using partial hepatectomy in rat and mouse and in vitro culture of primary hepatocytes. Thus, mitogenic factors have been identi®ed, including transforming growth factor alpha (TGFa), hepatocyte growth factor (HGF), and epidermal growth factor (EGF). In contrast, transforming growth factor beta (TGFb) has been shown to play a major role in the negative regulation of hepatocyte proliferation while cyclic adenosine monophosphate (cAMP) can exert a positive or negative eect depending on the timing of accumulation. In the normal liver, hepatocytes are insensitive to circulating growth factors and must undergo a`priming' event to become responsive to such factors. In the intact liver, priming can be induced experimentally by reduction of liver mass through partial hepatectomy or disruption of cell-cell and cellextracellular matrix contacts, or upon liver cell damage due to viral infection or toxins (Cressman et al., 1996; Fausto et al., 1995; Michalopoulos and DeFrances, 1997) . It has been well established that hepatocytes traverse G0/G1 almost immediately upon partial hepatectomy or perfusion of the liver with collagenase and plating without mitogens (Loyer et al., 1996a) . Cultured hepatocytes, however, are characterized by an unusually long G1 phase, and mitogenic stimulation is necessary for the progression of primed hepatocytes in S phase. A point has been de®ned in mid-G1 (i.e: around 42 ± 48 h after isolation and plating) where they become dependent on the addition of mitogens to undergo DNA synthesis.
Progression through the cell cycle depends on the sequential activation of the cyclin-cyclin dependent kinase (CDK) complexes, which is driven by extra-and intra-cellular signals speci®c for each cell type (reviews in Grana and Reddy, 1995; Peter and Herskowitz, 1994; Reed, 1997; Sherr and Roberts, 1995) . The Dtype cyclins, in association with CDK 4 and 6, play an essential role in early to late G1. One of their main targets is the retinoblastoma (Rb) protein, which is inactivated by phosphorylation in late G1. Cyclin E, associated with CDK2, acts at the G1/S transition, while cyclin A2, also associated with CDK2, acts both in the initiation and completion of the S phase (Murphy et al., 1994; Zindy et al., 1992) . Cyclins B1 and A trigger G2/M transition in association with CDK1.
The correct timing of cyclin-CDK activation is regulated at several levels, including the control of cyclin-encoding gene expression, cyclin stability and cellular localization, as well as CDK subunit phosphorylation and dephosphorylation (Pines, 1995) . Another level of regulation is provided by the cyclin kinase inhibitors (CKIs) which consist of two families. Members of the INK4 family, which includes p15, p16, p18 and p19 speci®cally bind to CDK4 and 6 and prevent their association with the D-type cyclins. The Cip family includes p21, p27 and p57 and these molecules can bind to and inhibit the activity of the various cyclin-CDK complexes. The importance of p27 in cell adhesion and contact inhibition dependent cell cycle regulation has been well established (Hengst et al., 1994; Kato et al., 1994; Polyak et al., 1994) . P27 activation is, in particular, triggered by anti-mitogenic factors such as TGFb and cAMP in certain cell types Polyak et al., 1994) . P27 levels are elevated in serum starved, IL2 deprived, contact inhibited (Firpo et al., 1994) and platelet derived growth factor (PDGF) deprived cell lines (Winston et al., 1996) . In most of the cell lines so far analysed, p27 levels decrease upon addition or removal of the appropriate mitogenic or antimitogenic stimuli and cells progress through the cell cycle (Agrawal et al., 1996; Resnitzky et al., 1995) . Also, in most cell lines studied, p27 levels are controlled at the post-transcriptional level through degradation by the ubiquitin-proteasome pathway and/or as a result of a reduced translational rate (Hengst and Reed, 1996; Pagano et al., 1995) . Recent studies in lymphocytes, however, have pointed out the role of NF-kB and cAMP responsive elements in the control of p27 promoter activity (Kwon et al., 1996) .
The potential role of p27 in control of the hepatocyte cell cycle is suggested by the implication of mitogens and anti-mitogens known to control p27 levels in the regulation of liver cell proliferation. In addition, in all organs including the liver, p277/7, but not p217/7 mice show an increased cell density without an obvious alteration in liver cells differentiation or structure (Fero et al., 1996; Kiyokawa et al., 1996; Nakayama et al., 1996) .
In this context, we have examined in detail the expression pro®le of p27 as well as its interaction with the cyclin-CDK complexes in primary cultures of cycling adult rat hepatocytes. Our results show a particular pattern of p27 expression with early G1 decline followed by upregulation in late G1 which, in contrast to most cell types so far tested, did not impair formation of active cyclin E and A associated kinases and thus G1/S transition.
Results
p27 levels decrease in early-mid G1 and then increase at the G1/S transition To examine the levels of p27 during the hepatocyte cell cycle, primary rat hepatocytes were placed in culture and stimulated by the addition of EGF 24 h after seeding. Western blots were performed to examine p27 levels in cycling hepatocytes ( Figure  1a ). G1/S transition and maximal DNA synthesis occurred 48 and 72 h after seeding respectively, as monitored by BrdU labelling ( Figure 1b) . Considerable amounts of p27 protein were detected in normal liver (NL) and in freshly isolated hepatocytes (TO). However, little or no p27 protein was present after 24 h of culture without mitogenic stimulation. P27 was again detected after 48 h in culture and steadily increased throughout 84 h in culture. In addition, a more rapidly migrating form of p27 was detected in hepatocyte extracts from 48 h after plating which was not detected in quiescent hepatocytes (NL) or freshly isolated hepatocytes (TO). Control experiments con®rmed that the faster migrating species was not the related p21 (data not shown). Northern blots failed to show signi®cant changes at the RNA level (data not shown), suggesting that variations in p27 protein were not transcriptionally controlled.
We next monitored by Western blot the appearance of cyclins A, E, D1 and D3 (Figure 1c ). Small amounts of cylins D3 and E were observed in normal liver and freshly isolated hepatocytes. Cyclins D1 and D3 accumulated from 48 and 24 h, respectively. Cyclin E levels increased from 24 h and remained stable throughout G1 and G1/S phases. Cyclin A2 was undetectable in freshly isolated hepatocytes (TO); low levels of cyclin A were detected from 2 ± 24 h of culture, but a sharp increase was only noted at 60 h, when the majority of cells were entering the S phase. These results are in accordance with the observations of other groups on the expression of cyclin proteins in cycling hepatocytes and regenerating liver (Albrecht et al., 1993 (Albrecht et al., , 1995 Loyer et al., 1994; Lu et al., 1992; Zindy et al., 1992) .
In summary, we observed rapid downregulation of p27 in early-mid G1 hepatocytes, at a time of cyclin E and D3 reaccumulation, followed by induction of p27 levels as cells traversed the G1/S boundary.
P27 localizes into the nucleus in both G1 and S phase cells
The increased detection of p27 as cells progressed into S phase could be interpreted as a lack of synchrony in the cultured hepatocytes. To address this point we investigated the localization of p27. We used a combination of BrdU incorporation and double labelling ( Figure 2b ) for p27 (Figure 2a) or BrdU ( Figure 2c ). As indicated in Figure 2a and b, after 72 h of culture and mitogenic stimulation (at a time where around 75% of the cells were in the S phase, as shown by direct counting of separate ®elds), p27 was expressed in hepatocytes where cellular DNA replication has occurred. Anti-p27 staining showed a punctuate nuclear localization with no evidence for a speci®c cytoplasmic staining ( Figure 2a ). This nuclear localization was also found at earlier time points (48 and 60 h, data not shown). Abolition of the staining with a p27 peptide (Figure 2d ) or by using only secondary antibodies (Figure 2e and f) con®rmed the speci®city of the labelling.
p27 is associated with cyclins throughout the cell cycle but most active cyclin E-and A-CDK complexes are free of p27
To determine whether there were changes in the binding partners of p27 during the hepatocyte cell cycle, extracts from hepatocytes harvested at dierent times from cycling hepatocytes were immunoprecipitated with antibodies to cyclins A, D1 and E ( Figure  3 ). The presence of p27 in these complexes was then determined by Western blotting. As shown in Figure  3a , p27 coprecipitated with cyclins A, E and D1 in freshly isolated hepatocytes and after mitogenic stimulation. In addition, p27 coprecipitated with cyclins E and A when they exhibited maximal associated kinase activity ( Figure 3b ). These results raised the issue of the existence of a mixture of p27-associated and free cyclin/cdk complexes. To address this question, depletion experiments were carried out in which extracts were ®rst immunoprecipitated twice with an antibody against p27 to remove it from the extract. Western blotting using an anti-p27 antibody p27/BrdU
Controls
Figure 2 p27 is present in the nuclei of cells in G1 and in S phase. Hepatocytes were cultured for 72 h before being exposed to BrdU for 12 h and subsequently ®xed and double-labelled for p27 (green) and BrdU (red). (a) Distribution of p27 alone; (c) BrdU incorporation in the same cells. (b) visualization of BrdU and p27 using a double ®lter. (d ± f) controls: blocking of p27 antibodies with a p27 peptide (d) or staining with only anti-rabbit FITC conjugated (e) or anti-mouse Texas Red conjugated (f) secondary antibodies. p27 shows a nuclear labelling and there is no speci®c cytoplasmic staining (a weak staining is also identi®ed in controls) con®rmed the eectiveness of the depletion (Figure 4c ). The depleted extracts and, as a control, the extracts analysed without any prior depletion, were then immunoprecipitated with either anti-cyclin A or anticyclin E antibodies, and H1 kinase activity was tested in the immunoprecipitates. As shown in Figure 4b , the cyclin E-and A-associated kinase activity was comparable in immunodepleted and non-immunodepleted extracts, a result consistent with most of the cyclins E-and A-associated kinases being identi®ed in complexes free of p27. As also shown in Figure 4b however, we noted a slight decrease of cyclin Aassociated kinase in the p27-depleted extracts at 60 h (at the time of maximal DNA synthesis in these extracts). This result suggested that a subset of active cyclins A-and E-associated kinases might exist in complexes with p27. This was supported by results of immunoprecipitation experiments with anti-p27 which showed a slight H1 kinase activity associated with p27 ( Figure 4a ).
Phosphorylated forms of p27 exist in both stimulated and non-stimulated hepatocytes
In addition to the increase in p27 levels as cells progressed into S phase, we observed the appearance of a more rapidly migrating form of p27 ( Figure 1a) . We postulated that this could represent a phosphorylated form of p27. To test this, hepatocytes were labelled with 32 P-orthophosphate at dierent times during the hepatocyte cell cycle. Figure 5 shows the results obtained in unstimulated hepatocytes (24 h) and in stimulated hepatocytes at 48 and 72 h. As a control, we also examined hepatocytes maintained in culture without mitogenic stimulation. A phosphorylated form of p27 was immunoprecipitated at 24, 48 and 72 h in both stimulated and unstimulated hepatocytes. We also precipitated cyclin E from parallel extracts.
Phosphorylated cyclin E was detected from 48 h, but not in unstimulated hepatocytes, with a maximum at 72 h when cyclin E was associated to an active kinase (see Figure 3b) .
Recently, the phosphorylation of p27 by cyclin E has been reported to be a condition for its degradation by the ubiquitin proteasome pathway. While our observation of phosphorylated p27 agreed with these reports, it was unlikely that cyclin E was the only kinase responsible for p27 phosphorylation, as we observed phosphorylated forms of p27 at times when cyclin E was not associated to an active kinase. This suggested that phosphorylation of p27 could occur at a site or sites other than the threonine 187 residue targeted by the cyclin E/cdk2 kinase. To determine whether there were multiple forms of p27 in cycling hepatocytes, extracts of normal liver, freshly isolated hepatocytes or cultured hepatocytes at The supernatant fraction from the p27 immunoprecipitates described above (36, 60, 84) and nondepleted controls (C36, C60, C84) were subsequently immunoprecipitated with anti-cyclin A or anti-cyclin E antibodies, and corresponding histone H1 kinase activities were measured in the resulting precipitates. (c) Aliquots of the immunodepleted (36, 60, 84) or non-immunodepleted (C36, C60, C84) supernatant fractions were analysed by immunoblotting with p27 antibody to verify the depletion of p27 Figure 5 Phosphorylated forms of p27 exist in both stimulated and unstimulated hepatocytes. Hepatocytes stimulated by EGF (+) and or unstimulated (7) were labelled with 32 P-orthophosphate at dierent times after plating. Extracts were immunoprecipitated with anti-p27 or anti-cyclin E antibodies and proteins visualized by autoradiography P27 expression in primary hepatocytes M McIntyre et al dierent stages of the cell cycle were prepared and proteins separated by two-dimensional gel electrophoresis. After isoelectric focusing in the ®rst dimension and SDS ± PAGE in the second, separated proteins were transferred to a membrane and probed with antip27 antibodies (Figure 6 ). Five major p27 spots which migrated at roughly the same molecular weight and ranged in pH from 7 to 6.5 were detected. In addition, slightly more rapidly migrating products were observed near some of the major spots, which might have been proteolytic products. Only three spots (referred to as numbers 1,3 and 4) were present in whole normal liver and isolated hepatocytes (TO). In contrast, all ®ve spots (1, 2, 3, 4 and 5) were detected in stimulated hepatocytes at 2, 48 and 60 h, together with an increase in some satellite spots (see spot referred as 3a, b), as cells progressed into the S phase. We also detected multiple species of p27 in an extract of asynchronously dividing BRL cells, derived from a rat hepatocarcinoma (data not shown). The speci®city of the antibody was veri®ed by blocking with puri®ed p27 protein (data not shown). Thus, p27 existed in various forms and the modi®cations increased in cycling hepatocytes. Supporting this observation, multiple forms of p27 have recently been reported in the human hepatocarcinoma cell line, HepG2, while only one form was observed in normal human liver (Sanchez et al., 1997) .
Discussion
This study provides an experimental model of normal primary cells in which p27 shows a complex expression pattern, with an initial decline in the early/mid G1 phase, followed by an accumulation in late G1 and G1/ S transition. Cultured primary hepatocytes indeed provide an excellent system for studying the regulation of the cell cycle in normal dierentiated cells without the use of drugs (Loyer et al., 1996b; McGowan, 1986) . We showed that p27 was present in signi®cant quantities in the normal adult liver, in agreement with previous reports (Albrecht et al., 1998) . We also showed that the P27 levels were maintained in hepatocytes tested immediately after isolation and plating. In contrast, we then observed a sharp decrease at 12 and 24 h after plating, when cells were in early to mid G1 phases. We did not detect signi®cant changes in p27 RNA accumulation, an observation consistent with translational control, as reported in several cell types (Hengst and Reed, 1996; Pagano et al., 1995) . The early p27 decrease occurred before addition of EGF and thus did not depend on mitogenic stimulation. In PDGF/PPP depndent BA1Bc 3T3 cells, PDGF addition alone abrogates p27 synthesis but is not sucient for progression to S phase. Instead, p27 downregulation in this cell type is a ®rst step in the induction of G0-G1 transition (Agrawal et al., 1996; Mann et al., 1997) . A role for p27 in maintaining cells in G0 has been also suggested by suppression of the mitogen-sensitive G0 arrest observed in ®broblasts upon expression of an antisense p27 cDNA (Rivard et al., 1996) . These ®ndings are relevant to the decreased p27 levels we observed in the progression through the early/mid G1 phase of primary hepatocytes, before addition of EGF. It has now been conclusively shown that liver collagenase perfusion, by dissociating hepatocytes from their cell-cell and cellextra cellular matrix interactions, is sucient to induce the G0/G1 transition and that hepatocytes can progress without any growth factor addition to a point located in mid/late G1 (Loyer et al., 1996a) . Our results are therefore consistent with an implication of p27 in the control of cell cycle entrance and transit through the restriction point in hepatocytes. This is also in agreement with the 23% increased liver cell density observed in p27 knock-out mice (Fero et al., 1996; Kiyokawa et al., 1996; Nakayama et al., 1996) . Degradation of p27 might participate in the priming of hepatocytes, allowing the cells to become responsive to growth factors.
In contrast with this early decrease, we observed an induction of p27 from the 48 h time point, when most cells had reached the G1/S boundary. Double labelling with anti-p27 and anti-BrdU antibodies ensured that accumulation of p27 actually occurred in cells having replicated their DNA. Expression of p27 during the S phase has also been reported in vivo after partial hepatectomy in rats and mice (Albrecht et al., 1998) and we have made the same observation (unpublished results). In contrast, the early G1 decrease has not been reported in these in vivo models; interpretation of the data has indeed been dicult in our experience, since the initial decrease and subsequent rise in p27 was likely masked by the considerable amounts of p27 in the quiescent liver and the heterogeneity of liver cell Figure 6 Two-dimensional gel electrophoresis resolves p27 in several isoforms. Protein extracts of whole normal liver, freshly isolated hepatocytes (T0) and cultured hepatocytes at 2, 48 and 60 h were subjected to two-dimensional gel electrophoresis as described under Materials and methods. Immunoblots were probed with anti-p27 antibody. The results shown are representative of at least three independent experiments. Only the p27 migration area is shown and the various isoforms are numbered from 1 ± 5. For each panel, the horizontal axis represents the isoelectric focusing (IEF) dimension; the vertical axis represents the molecular mass dimension. The acidic side of the gels is on the right populations. Thus, both the in vivo and in vitro data point to the presence of p27 in hepatocytes during the G1/S transition and S phase, and the isolated culture system further re®ned the analysis by showing an actual induction of the p27 levels during G1/S transition. Maintenance of p27 levels throughout the cell cycle has been reported in certain cell lines (Poon et al., 1995; Soos et al., 1996; Toyashima and Hunter, 1994) but this is the ®rst report of such a biphasic pro®le of expression, with an actual increase in p27 levels prior to the onset of DNA synthesis. Given the major role of p27 in controlling cyclin-CDK activities, we then examined the pattern of its association with the various cyclins implicated in cell cycle transit. We show that p27 coprecipitates with cyclins D1, E and A throughout the cell cycle. In contrast, H1 kinase assays performed after immunoprecipitation with anti-p27 or depletion experiments with an anti-p27 antibody showed that most cyclin A-and E-associated kinase activities were detectable in complexes free of p27. This result therefore implies that despite the considerable level of p27 and its association with cyclin kinase complexes, a fraction of p27 is not able to inhibit cyclin E-and A-associated kinases. The late G1 accumulation of D cyclins in our models of primary hepatocytes might be a factor in this observation. A dierential eect of p27 on cyclin D1-CDK4 and cyclin A-and E-CDK2 complexes has indeed been reported (Blain et al., 1997; Cheng et al., 1998) . Active cyclin D1-CDK4 complexes have been identi®ed in association with p27 while p27 binding inactivated cyclin Aand E-CDK2 kinases. This has led to a model in which p27 would associate primarily in proliferating cells with cyclin D/CDK4 or cyclin D/CDK6 complexes without inhibiting their activity. In cultured hepatocytes, in agreement with previous reports in vitro and in vivo, we observed a late accumulation of cyclin D1 from mid to late G1. Since p27 associate with cyclin D1 at that time, it is plausible that the presence of a fraction of p27 in such complexes might contribute to the cyclin E-and A-kinases activation. Given the presence of p27 in cyclin E-and A-containing complexes however, our data do not exclude that the accumulation of p27 might also participate at some stages of cyclin E and A-CDK complexes formation. Transient association of p27 with active cyclin E-CDK2 has indeed been reported and degradation of p27 by the proteasome is at least in part controlled through its phosphorylation on threonine 187 by the cyclin E/CDK2 kinase. Mutation of this residue abolishes the CKI activity of p27 (Shea et al., 1997; Vlach et al., 1997; Won and Reed, 1996) . Along the same line, it has been hypothesized that p27 might show dierent modes of interaction with cyclin E/CDK2 complexes, a`loose' association allowing cyclin E/CDK2 kinase activity, while a`tight' binding would prevent CDK2 activation (Shea et al., 1997; Vlach et al., 1997; Won and Reed, 1996) . It is important to note in this context that our observation of S phase traverse in the presence of upregulated p27 has been performed in vivo with wild type p27, in contrast with the previous in vitro studies on p27 mutants. It is plausible that modi®cation of p27 by phosphorylation might be involved in a dierential eect on cyclin/CDK assembly and activity. Our study shows that in primary hepatocytes, endogenous p27 is phosphorylated throughout G1 and G1/S transition, while as shown previously, cyclin E is transiently phosphorylated at the G1/S transition. Therefore phosphorylation of p27 per se is not incompatible with p27 accumulation. It is likely that phosphorylation of p27 can target several residues, with dierent implications for the stability of the molecule, as previously discussed for ectopically expressed p27 (Vlach et al., 1997) . In this view, it is interesting to note a further important issue related to the heterogeneity of p27. Anti-p27 indeed revealed several bands in conventional gel electrophoresis and this was con®rmed by two-dimensional gel analysis. Comparaison of the p27 patterns showed the appearance of new molecular forms during the transitions through G1 and G1/S. Due to the low amount of endogenous p27, we do not know the molecular basis for such heterogeneity, but it might be relevant to the stability of p27 and its phosphorylation status. It has been also recently suggested that the cleavage of the p27 and p21 C-terminal moieties might play an important role in the up-regulation of cyclin A-CDK2 kinase activity during induction of apoptosis (Levkau et al., 1998) . We cannot exclude that some of the p27 forms we have detected might correspond to degradation products. With this view it is important to note, however, that the anti-p27 we have used in our experiments (C19) recognizes the C-terminal part of p27 which is therefore present in our cell extracts. The cellular location of these p27 molecules will also be a potentially important issue. Cytoplasmic localization of p27 has recently been reported in transformed cell lines (Orend et al., 1998) and is correlated with its inactivation, suggesting that the control of p27 cellular distribution might represent a further regulatory pathway in certain circumstances (Reynisdottir and MassagueÂ , 1997) . In the present study, however, we did not observe a signi®cant cytoplasmic localization and, as reported, p27 was detected in the nucleus from mid G1. Finally, other, still uncharacterized mechanisms might also account for a sequestration of p27 at the G1/S transition. In particular, it has been reported that Myc can override a p27-induced cell cycle arrest without aecting p27 half-life independently of threonine 187 phosphorylation (MuÈ ller et al., 1997) . The proteins involved are not presently known but such observations emphasize the complexity of p27 regulation and the possibility, in certain conditions, of bypassing the requirement for p27 degradation when passing through the G1/S phase.
Collectively, our results lead us to propose a model in which p27 in primary hepatocytes shows a biphasic pro®le of accumulation and activity. A rapid decline of p27 levels in early G1 would enable progression to mid G1. In contrast with other cell types, reaccumulation in late G1 would not impair activation of cyclin A-and Eassociated kinases and entry into S, possibly due to the sequestration of p27 by the D-type cyclins and/or as a result of p27 phosphorylation on residues which would abrogate the CKI function of p27 without requiring dissociation from the cyclin/CDK complex. Several hypothesis can be raised to explain this observation, which re¯ect the pleiotropic cellular eects presently proposed for this molecule and the property of primary hepatocytes to maintain a dierentiated phenotype during the ®rst 4 ± 5 days of culture while proliferating and then to eventually die, at least in part, from apoptosis (Glaise et al., 1998) . P27 has been implicated in the control of apoptosis (Katayose et al., 1997; Levkau et al., 1998) and we cannot exclude, therefore, that its accumulation might participate in this process. The p27 pattern we have observed might also re¯ect its implication in the liver cell dierentiation, as shown for several cell types Tikoo et al., 1997; Zabludo et al., 1998) , including oligodendrocytes in which it might act as an intrinsic counting' clock so as to stop cell division at the appropriate time (Durand et al., 1997) . Finally, the p27 accumulation in the S phase might re¯ect a role for p27 at later steps of the cell cycle, and in particular, at the G2/M transition, as shown in xenopus oocytes (Font de Mora et al., 1997) . Altogether, the model of primary hepatocytes should therefore provide interesting insights into the balance between extra-and intracellular transduction pathways involved in the control of p27 activity.
Materials and methods

Isolation and culture of hepatocytes
Hepatocytes were isolated from 6 week-old male Wistar rats (weighing 200 g) by cannulating the portal vein and perfusing the liver with Liberase-calcium (Liberase TM Puri®ed Enzyme Blend, Boehringer Mannheim) solution according to the method of Seglen (1973) .
After isolation, cells were collected in L-15 medium enriched with 1 mg/ml bovine serum albumin (BSA), left to sediment for 20 min. After three centrifugations, hepatocytes were seeded at 5610 5 cells/cm 2 on plastic dishes in William's medium E, supplemented with 10% foetal bovine serum (FBS), 1 mg/ml BSA and 5 ug/ml of bovine insulin in a 378C incubator with 5% CO 2 atmosphere. All culture medium used contained penicillin (100 units/ml), streptomycin (100 mg/ml), and fungizone (250 ng/ml).
After cell attachment (4 h later), the medium was removed and replaced by fresh serum-free William's medium E containing 0.5 mg/ml BSA, 5 mg/ml of bovine insulin and 7610 77 M hydrocortisone hemisuccinate. The medium was changed every day thereafter. Twenty-four hours after plating, the cells were placed in the mitogenic stimulation medium: the same medium describe above, supplemented with Epidermal Growth Factor (EGF) at 50 ng/ml and pyruvate at 20 mM (mitogenic stimulation medium). This medium was used throughout the culture time.
Under these conditions, maximal DNA synthesis occurs from 60 ± 72 h, depending on the cell culture.
BrdU incorporation
The percentage of cells undergoing DNA synthesis was estimated by counting the number of 5-Bromo-2'-deoxyuridine (BrdU) labelled cells using the BrdU Detection Kit II (Boehringer Mannheim). Cells were incubated with BrdU labelling medium for 12 h. The medium was then removed, the cells ®xed in ethanol/acetic acid (70/30), and stained according to manufacturer's instructions. Three separate ®elds were counted per plate and averages included.
Double immuno¯uorescence labelling
Hepatocytes were grown on glass coverslips, labelled with BrdU, and ®xed as described above. Cells were then blocked in 16PBS containing 5% normal donkey serum (Jackson Laboratories) for 30 min at room temperature. Cells were then incubated with primary antibodies, anti-p27 (Santa Cruz Biotechnology: C19 sc-528; 1 : 50) and/or anti-BrdU (Boehringer Mannheim: 1 : 10) diluted in 16PBS containing 3% BSA and 0.1% Tween for 1 h at 378C in a humidi®ed chamber. Cells were next washed three times in 16PBS and then incubated for 45 min with secondary antibodies (FITCconjugated Donkey anti-Rabbit and Texas Red-conjugated Donkey anti-Mouse; Jackson Laboratories) diluted 1 : 200 in 16PBS containing 3% BSA and 0.1% Tween. Finally, coverslips were washed three times in 16PBS and mounted in Mowiol. Staining was visualized by immuno¯uorescene with an Olympus microscope and the images were recorded on Kodak Ektachrome 400 ®lm.
Western blot analyses
Protein extracts were prepared in lysis buer containing 50 mM Tris pH 7.5, 250 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40, 50 mM NaF, 0.1 mM Na 3 VO 4 , 1 mM DTT, 1 mM PMSF, 2 mg/ml leupeptin, pepstatin and aprotinin. After 15 min on ice, the extracts were centrifuged and supernatants were stored at 7708C. Protein concentration was determined by the Bradford method (Bio-Rad); 20 mg of protein were fractioned on SDS ± PAGE and then transferred to PVDF membranes (Millipore). Individual proteins were detected using speci®c primary antisera (incubation overnight at 48C): antisera against p27 (C19), cyclin A (C19), cyclin E (M20) and cyclin D3 (C16) were from Santa Cruz Biotechnology (used at 0.25 mg/ml); antisera against cyclin D1 (06-137) was from Upstate Biotechnology (used at 0.25 mg/ml). Horseradish peroxidase-conjugated antibodies (Amersham) were used as second antibodies (dilution 1 : 2000, incubation 1 h at room temperature). Immunoreactive bands were visualized with enhanced chemiluminescence (ECL, Amersham) according to the manufacturer's instructions.
Co-immunoprecipitations and histone H1 kinase activity assay
Experiments were performed with extracts prepared as described above and the same antibodies used for Western blot analyses: cyclins A, E and D1 (1 mg per reaction). Lysates were precleared for 1 h at 48C with 100 ml of protein A beads that had been equilibrated in lysis buer (50 : 50). Lysates were incubated for 1 h at 48C with the antibodies, then 25 ml of protein A-sepharose beads (50 : 50) were added and incubated for an another 1 h. In order to determine the binding of the cyclin/Cdk with p27, complexes bound to protein A beads were washed three times in the lysis buer, boiled in 16Laemmli buer and separated by SDS ± PAGE electrophoresis. The antibody used against p27 (K2 5020) was obtained from Transduction Laboratories (used at 0.1 mg/ ml). To measure cyclins A-E-associated kinase activity, 400 mg of protein were immunoprecipited as described above. For determination of histone H1 kinase activity, the protein A beads were ®rst washed two times with the lysis buer and three time with the H1 buer (50 mM HEPES pH 7.6, 15 mM MgCl 2 , 1 mM DTT)+0.1 mg/ml of BSA. The protein A beads were then incubated in 50 ml of H1 buer containing 2 mg of histone H1 (Boehringer Mannheim), 25 mM ATP, and 10 mCi [g-32 P]ATP. Reaction products were incubated at 308C for 30 min and stopped by addition of 46Laemmli buer. The reaction products were separated by SDS ± PAGE, gels were ®xed, dried and exposed to X-ray ®lm (Kodak).
Depletion experiments
400 mg of extracts were incubated twice with 2 mg of anti-p27 antibody (Santa Cruz Biotechnology: C19) and 25 ml of protein A-sepharose beads (50 : 50) at 48C for 30 min to remove p27 from the extract. The beads were then pelleted and tested for p27-associated H1 kinase activity (as above).
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Supernatant was incubated with either anti-cyclin A or anticyclin E antibodies and H1 kinase assays performed as described above.
In vivo analysis of p27 phosphorylation
Metabolic labelling was performed at dierent times during hepatocyte culture. Culture medium was replaced with phosphate-free Dulbecco's modi®ed Eagle's Medium supplemented as described above with BSA, bovine insulin and hydrocortisone hemisuccinate with or without EGF+pyruvate. The cells were labelled with 1 mCi/ml 32 Porthophosphate for 3 h at 378C, then washed once in PBS and harvested. Cells were lysed and immunoprecipitations performed as above with 10 mg of anti-p27 (C19, Santa Cruz) or 10 mg of anti-cyclin E (M20, Santa Cruz). After migration of the immunoprecipited products, radiolabelled p27 and cyclin E were visualized by autoradiography.
Two-dimensional gel electrophoresis
Protein extracts were prepared as previously described (Garrels, 1983) with some modi®cations. Brie¯y, 5.2610 6 cells were rinsed three times with cold phosphate-buered saline (PBS) and then scraped from the dish directly into 400 ml boiling solution containing 50 mM Tris pH 8, 0.3% sodium dodecyl sulphate (SDS) and 1% b-mercaptoethanol. Samples were then cooled on ice, treated with 0.1 vol nuclease solution (1 mg/ml DNAsel, 0.5 mg/ml RNAse A in 50 mM Tris pH 7, 50 mM MgCl 2 ), and¯ash frozein in 50 mg aliquots in liquid nitrogen. Samples were then lyophilized and resuspended in 10 ml of sample buer composed of 9.95 M urea, 4% Nonidet P-40, 2% ampholytes and 100 mM DTT, and stored at 7808C until used. Twodimensional gel electrophoresis was carried out essentially as described previously (Laurent-Winter et al., 1997) . Prior to electrophoresis, samples were centrifuged for 2 min, then 10 ml of sample containing 50 mg of proteins were loaded onto the isoelectric focusing (IEF) gel (pH range 3 ± 10 ampholytes, Millipore Inc.), and focused for 20 000 Vh. The second dimension was resolved on a 10% acrylamide gel. Our standardized procedure includes the simultaneous migration of up to 12 extracts during both separation steps, which allows a high degree of reproducibility from one gel to another. Relative isoelectric points were determined by parallel migration of a carbamylated muscle creatine phosphokinase standard (BDH), and the relative molecular weights of the proteins were determined according to molecular weight markers applied to an adjacent slot on the same gel. After SDS-polyacrylamide gel electrophoresis (PAGE), proteins were blotted as for the one-dimensional polyacrylamide gels and incubated with the monoclonal antip27 antibody K25020 as described for the co-immunoprecipitaton experiments.
